We describe recent experimental studies of a spin-polarized Fermi gas with strong interactions. Tomographically resolving the spatial structure of an inhomogeneous trapped sample, we have mapped out the superfluid phases in the parameter space of temperature, spin polarization, and interaction strength. Phase separation between the superfluid and the normal component occurs at low temperatures, showing spatial discontinuities in the spin polarization. The critical polarization of the normal gas increases with stronger coupling. Beyond a critical interaction strength all minority atoms pair with majority atoms, and the system can be effectively described as a boson-fermion mixture. Pairing correlations have been studied by rf spectroscopy, determining the fermion pair size and the pairing gap energy in a resonantly interacting superfluid.
Introduction
Below a critical temperature, an equal mixture of two fermionic gases with attractive interactions undergoes a phase transition to the Bardeen-CooperSchrieffer (BCS) superfluid state via Cooper pairing. Since pairing occurs preferably at the Fermi surface, pairing becomes energetically less favorable if the two Fermi surfaces don't overlap. Eventually superfluidity will break down when the difference in Fermi energies exceeds the energy gain from pairing. This is the so-called Chandrasekhar-Clogston (CC) limit of superfluidity.
1,2 Pairing and superfluidity in an imbalanced Fermi mixture has been an intriguing issue for many decades, especially because of the possibility of new exotic ground states such as the Fulde-Ferrell-Larkin-Ovchinnikov (FFLO) state 3, 4 in which either the phase or the density of the superfluid has a spatial periodic modulation.
Mismatched Fermi surfaces can be created in electron gases by applying magnetic field. However, the situation in conventional superconductors is more complicated due to spin-orbit coupling, i.e., the field is shielded by the Meissner effect. On the other hand, in atomic Fermi gases one can prepare a mixture with an arbitrary population ratio, since collisional relaxation processes are very slow. This unique feature, together with tunable interactions using Feshbach resonances, allows the ultracold atomic Fermi gas system to be a highly controllable and clean model system for studying interacting Fermi mixtures. With balanced mixtures near a Feshbach resonance the crossover from a Bose-Einstein condensate (BEC) to a BCS superfluid has been investigated. 5 Recently with population-imbalanced mixtures, the behavior consistent with the CC limit has been observed, 6, 7 i.e., a superfluid becomes more robust against imbalance with stronger coupling. The apparent absence of the CC limit in mesoscopic, highly elongated samples 8, 9 is not understood and seems to depend on the aspect ratio of the cloud shape.
In this paper, we present the phase diagram of a two-component Fermi gas of 6 Li atoms with strong interactions. We have identified and/or determined several important critical points including a tricritical point where the superfluid-to-normal phase transition changes from first-order to second-order, critical spin polarizations of a normal phase, and a critical interaction strength for a stable fermion pair in a Fermi sea of one of its constituents. [10] [11] [12] We also present recently measured rf spectra, where we have determined the fermion pair size and the superfluid gap energy in a resonantly interacting Fermi gas.
13,14

Two-Component Fermi Mixture in a Harmonic Potential
In our experiments, we prepared a two-component spin mixture of 6 Li atoms, using two states of the three lowest hyperfine states, around a Feshbach resonance. The population imbalance between the two components was controlled by a radio frequency (rf) sweep with an adjustable sweep rate. The atom cloud was confined in a three-dimensional harmonic trap with cylindrical symmetry, thus having an inhomogeneous density distribution. Due to the population imbalance, the chemical potential ratio of the majority (labeled as spin ↑) and the minority (spin ↓) components varies spatially over the trapped sample. Under the local density approximation (LDA), each sample represents a line in the phase diagram. Using spatially resolved measurements, we have mapped out the phase diagram of the sys- The in situ column density distributions are obtained using a phase contrast imaging technique. 10 The probe frequencies of the imaging beam are different for two images so that the first image measures the density difference n ↑ − n ↓ and the second image measures the weighted density difference 0. tem. The temperature was controlled by adjusting the trap depth, which determined the final temperature of evaporative cooling.
For typical conditions, the spatial size of our sample was ∼ 150 µm ×150 µm ×800 µm with a total atom number of ∼ 10 7 and a radial (axial) trap frequency of f r = 130 Hz (f z = 23 Hz). Our experiments benefit from the big size of the sample. Using a phase-contrast imaging technique, we obtained the in situ column density distributions of the two components n ↑,↓ (r), and the three-dimensional density profiles n ↑,↓ (r) were tomographically reconstructed from the averaged column density profiles (Fig. 1) . The imaging resolution of our setup was ∼ 2 µm.
At low temperature, the outer part of the sample is occupied by only the majority component, forming a non-interacting Fermi gas. This part fulfills the definition of an ideal thermometer, namely a substance with exactly understood properties in contact with a target sample. We determined temperature from the in situ majority wing profiles. This in situ method provides a clean solution for the long-standing problem of measuring the temperature of a strongly interacting sample.
The parameter space of the system can be characterized by three dimensionless quantities: reduced temperature T /T F ↑ , interaction strength 1/k F ↑ a and spin polarization σ = (n ↑ − n ↓ )/(n ↑ + n ↓ ), where T F ↑ and k F ↑ are the Fermi temperature and wave number of the majority component, respectively, and a is the scattering length of the two components. The BCS-BEC crossover physics has been studied in the σ = 0, equal-mixture plane.
Phase Diagram at Unitarity
In the case of fixed particle numbers, it has been suggested that unpaired fermions are spatially separated from a BCS superfluid of equal densities due to the pairing gap energy in the superfluid region. [15] [16] [17] At low temperature, we have observed such a phase separation between a superfluid and a normal component in a trapped sample. A spatial discontinuity in the spin polarization clearly distinguishes two regions (Fig. 1) . By correlating a non-zero condensate fraction 6 with the existence of the core region, we verified that the inner core is superfluid.
10 At the phase boundary two critical polarizations σ s and σ c are determined for a superfluid and normal phase, respectively. σ s = σ c means that there is a thermodynamically unstable window, σ s < σ < σ c , leading to a first-order superfluid-to-normal phase transition. As the temperature increases, the discontinuity reduces with decreasing σ c and increasing σ s , and eventually disappears above a certain temperature. This is a tricritical point where the nature of the phase transition changes from first-order to second-order. 18 Above the tricritical point, the system shows smooth behavior across the superfluid-to-normal phase transition in density profiles and condensate fraction, which is characteristic of a second-order phase transition.
The phase diagram with resonant interactoins (1/k F ↑ a = 0) is presented in Fig. 2(a) , 11 characterized by three distinct points: the critical temperature T c0 for a balanced mixture, the critical polarization σ c0 of a normal phase at zero temperature and the tricritical point (σ tc , T tc ). From linear interpolation of the measured critical points, we have estimated
The quantitative analysis of the in situ density profiles at the lowest temperature reveals the equation of state of a polarized Fermi gas, 19 showing that the critical chemical potential difference is 2h c = 2×0.95µ, where µ = (µ ↑ +µ ↓ )/2. The pairing gap energy ∆ of a superfluid has been measured to be ∆ µ, 14 and the observation of h c < ∆ excludes the existence of a polarized superfluid at zero temperature. A polarized superfluid at finite temperature results from thermal population of spin-polarized quasiparticles. 
Strongly Interacting Bose-Fermi Mixture
On the BEC side, two different fermions in free space have a stable bound state, forming a bosonic dimer which undergoes Bose-Einstein condensation at low temperature. Therefore, in the BEC limit a two-component Fermi gas with population imbalance will evolve into a binary mixture of bosonic dimers and unpaired excess fermions. Strong interactions and high degeneracy pressure can affect the structure of the composite boson and eventually destabilize it. This is the reason why we have a partially-polarized normal phase near resonance even at zero temperature. With stronger coupling, the critical polarization σ c of a partially-polarized normal phase increases, and becomes unity at a critical interaction strength of 1/k F ↑ a ≈ 0.7.
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This means that beyond the critical coupling all minority atoms pair up with majority atoms and form a Bose condensate. This is the regime where a polarized Fermi gas can be effectively described as a Bose-Fermi mixture.
In the limit of a BF mixture, 20 we have observed repulsive interactions between the fermion dimers and unpaired fermions. They are parameterized by an effective dimer-fermion scattering length of a bf = 1.23(3)a. This value is in reasonable agreement with the exact value a bf = 1.18a which has been predicted over 50 years ago for the three fermion problem, 21 but has never been experimentally confirmed. Our finding excludes the mean-field prediction a bf = (8/3)a. The boson-boson interactions were found to be stronger than the mean-field prediction in agreement with the Lee-HuangYang prediction. 22 Including the LHY correction, the effective dimer-dimer scattering length was determined to be a bb = 0.55(1)a, which is close to the exact value for weakly bound dimers a bb = 0.6a.
Tomographic RF Spectroscopy with a New Superfluid
RF spectroscopy of a two-component Fermi gas measures a single-particle excitation spectrum by flipping the spin state of an atom to a third spin state. Since a fermion pair can be dissociated via spin flip, RF spectroscopy provides valuable information about the pair such as binding energy and size. In early experiments, 23,24 a spectral shift has been observed in a Fermi gas at low temperature and interpreted as a manifestation of pairing. However, it turned out that the spectral line shape is severely affected by the strong interactions of the third, final spin state and broadened due to the inhomogeneous density distribution of a trapped sample, preventing clear comparison of the experimental results to theory. Recently, we have developed several experimental techniques to overcome these problems. In order to minimize final state effects we have exploited a new spin mixture of states |1 and |3 of 6 Li atoms 13 (corresponding to |F = 1/2, m F = 1/2 and |F = 3/2, m F = −3/2 at low field), and using a tomographic technique, we have obtained local RF spectra from an inhomogeneous sample. Figure 3 shows the RF spectra of the various phases in a trapped sample with population imbalance. For a balanced superfluid, the majority and the minority spectra completely overlap, showing the characteristic behavior of pair dissociation, i.e. a sharp threshold and a slow high-energy tail. From the spectral width, we have determined the pair size to be 2.6(2)/k F at unitarity, about 20% smaller than the interparticle spacing.
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13 These are the smallest pairs so far observed in fermionic superfluids, highlighting the importance of small fermion pairs for superfluidity at high critical temperature.
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Excess fermions in a low-temperature superfluid constitute quasiparticles populating the minimum of the dispersion curve. The RF spectrum of a superfluid with such quasiparticles shows two peaks, which, in the BCS limit, would be split by a superfluid gap ∆. Therefore, RF spectroscopy of quasiparticles is a direct way to observe the superfluid gap in close analogy with tunneling experiments in superconductors. In a polarized superfluid near the phase boundary, we have obtained a local majority spectrum of a double-peak structure, from which the superfluid gap has been deter-spectral response / a.u. The additional peak in the majority spectrum is the contribution of the excess fermions, which can be identified as fermionic quasiparticles in a superfluid. From the separation of the two peaks, the pairing gap energy of a resonantly interacting superfluid has been determined. 14 (c) Highly polarized normal gas. The minority peak no longer overlaps with the majority spectrum, indicating the transition to polaronic correlations.
mined to be ∆ = 0.44(3)E F ↑ at unitarity. 14 In addition, a Hartree term of −0.43(3)E F ↑ is necessary to explain the observed spectral behavior.
The peak positions of the majority and the minority spectra become different in the partially-polarized normal phase, but still overlap in the high-energy tail. At large spin polarization, the limit of a single minority immersed in a majority Fermi sea is approached, where several theoretical studies suggest a polaron picture, associating the minority with weakly interacting quasiparticles in a normal Fermi liquid. [27] [28] [29] We found that these different kinds of pairing correlations are smoothly connected across the superfluid-to-normal phase transition at finite temperature.
Summary and Discussion
In a series of experiments with population-imbalanced Fermi mixtures near Feshbach resonances, we have established the phase diagram of a twocomponent Fermi gas with strong interactions. This includes the identification of a tricritical point at which the critical lines for first-order and second-order phase transitions meet, and the verification of a zerotemperature quantum phase transition from a balanced superfluid to a partially-polarized normal gas at unitarity. The observed critical points such as the critical polarization of a normal phase and the critical interaction strength of a composite boson in a Fermi sea provide quantitative tests of theoretical calculations on the stability of fermionic superfluidity. Figure 4 sketches the structure of the phase diagram of the system in a 3D parameter space (vs. temperature, spin polarization and interaction strength). For a complete understanding, this macroscopic characterization of the different phases should be complemented by an investigation of their microscopic properties. Currently, we understand the observed polarized superfluid as a result of thermal population of spin-polarized quasiparticles at finite temperature. However, the behavior at higher temperature or/and in a stronger coupling regime is not yet completely understood. Resolving the momentum distribution of the excess fermions might reveal a gapless region (h > ∆) in the parameter space. The nature of a partially polarized normal phase near the resonance is also an interesting subject. Measurement of the binding energy and the effective mass of a minority atom might be helpful to test the polaron picture and to observe the polaron-to-molecule transition near a critical interaction strength. However, it is an open question whether the Fermi liquid description is still valid for high minority concentrations, where the Pauli blocking effect of the minority Fermi sea might play an important role. Furthermore, it has been speculated that exotic pairing states might exist in the partially-polarized phase. 30 So far, predicted exotic superfluid states such as the breached-pair state in a stronger coupling regime and the FFLO state in a weaker coupling regime have not been observed. The novel methods developed in our experiments such as tomography and thermometry will be important tools in the search for these states.
